Abstract Purpose: To investigate the potential of the La-specific monoclonal antibody (mAb) 3B9 as an in vivo tumor-targeting agent. Experimental Design: The murine EL4 lymphoma cell line was used for in vitro studies and the EL4 model in which apoptosis was induced with cyclophosphamide and etoposide was used for in vivo studies. In vitro studies compared 3B9 binding in the EL4 cell with that in its counterpart primary cell type of the thymocyte. For in vivo studies, 3B9 was intrinsically or extrinsically labeled with carbon-14 or 1,4,7,10-tetra-azacylododecane-N,N ¶,N 00 ,N 0000 -tetraacetic acidî ndium-111, respectively, and biodistribution of the radiotracers was investigated in EL4 tumorbearing mice, which were treated or not with chemotherapy. Results: La-specific 3B9 mAb bound EL4 cells rather than thymocytes, and binding was detergent resistant. 3B9 binding to dead EL4 cells in vitro was specific, rapid, and saturable. Significantly, more 3B9 bound dead EL4 tumor explant cells after host mice were treated with chemotherapy, which suggested that DNA damage induced 3B9 binding. Tumor binding of 3B9 in vivo was antigen specific and increased significantly after chemotherapy. Tumor accumulation of 3B9 peaked at f50% of the injected dose per gram of tumor 72 h after chemotherapy and correlated with increased tumor cell death. Tumor/organ ratios of 3B9 biodistribution, which included the tumor/blood ratio, exceeded unity 48 or more hours after chemotherapy. Conclusions: La-specific mAb selectively targeted dead tumor cells in vivo, and targeting was augmented by cytotoxic chemotherapy. This novel cell death radioligand may be useful both for radioimmunoscintigraphy and radioimmunotherapy.
Radioimmunoscintigraphy is a useful diagnostic imaging modality for both tumor detection and monitoring response to antitumor therapies. Although evasion of apoptosis is recognized as a hallmark of cancer (1) , as tumors grow and outstrip their blood supply, dead cells remain a common feature of many malignancies (2) . Moreover, breast tumor biopsies done before and after patients were given their first cycle of neoadjuvant chemotherapy indicated that many subsequently responding tumors displayed a treatment-related increase in content of apoptotic cells (3 -5) , which validates the apoptotic cell as a target for evaluating chemoresponsiveness. Fluorodeoxyglucose-positron emission tomography is a widely available technology that has an emerging role in tumor response evaluation (6) . However, the need for indices of tumor biology other than metabolic activity has driven the search for other radioligands, in particular those that are selective for cell death (7) . Preclinical and clinical studies using Annexin V, which binds phosphatidylserine both in the interior of necrotic cells and when externalized on the outer cell surface during apoptosis, identified dead tumor cells in vivo (8 -11) , which increased significantly in number after treatment with cytotoxic chemotherapy (8, 9, 11, 12) . Nevertheless, clinical studies showed that the 99m Tc-labeled version of Annexin V inconsistently detected cell death responses to chemotherapy. The short circulatory half-life of 99m Tc-HYNIC-Annexin V and the indeterminate timing of cell death in human carcinoma after cytotoxic chemotherapy made it difficult to correlate tumor uptake of the reagent with tumor response (13) .
There are several Food and Drug Administration -approved and marketed radioimmunoscintigraphy products, which include arcitumomab (CEAScan), imciromab (Myoscint), and capromab (Prostascint). Although arcitumomab recognizes a cell surface antigen, both imciromab and capromab bind intracellular epitopes, which requires cell permeability. Imciromab binds myosin heavy chain in necrotic muscle cells and was approved for detection of myocardial infarction. However, although imciromab efficiently detected necrotic muscle 6 days or more after the ischemic event (14 -16) , its utility in the clinical management of acute infarction has not been well defined. Interestingly, radiolabeled anti-myosin (Fab) 2 fragments detected necrotic soft tissue sarcomas in vivo regardless of whether the tumors expressed myosin (17) . Capromab binds an epitope located in the cytoplasmic domain of prostatespecific membrane antigen and, hence, preferentially detected necrotic cells, which was shown in tumor xenograft models (18) . Nevertheless, in metastatic prostate cancer patients, many of the radiologically discernable lesions were not imaged using capromab (19) . Investigational imaging agents have also been used to detect dead cell ghosts and extracellular products of dead cells. Tumor necrosis therapy is a novel approach to radioimmunoscintigraphy and radioimmunotherapy (20) , which uses a monoclonal antibody (mAb) specific for histones and ssDNA that bind in necrotic and degenerating regions of tumors (20 -22) . In a pivotal registration study resulting in Chinese Food and Drug Administration approval for the first radioimmunotherapy for carcinoma, 107 patients with locally advanced and metastatic lung cancer were given 131 I-labeled chimeric TNT mAb, which produced an overall response rate of 35% although overall survival differed little from historical controls (23) . Insoluble melanin pigment leaking from dying melanoma cells represented a target for radioimmunoscintigraphy in a murine xenograft model using a melanin-specific mAb (24) , and may be useful for radioimmunotherapy.
Overall, there is an unmet need for a robust and accurate method to detect tumor responses to antineoplastic treatments. Early identification of treatment response would permit continuation of useful treatment and discontinuation of futile treatment so that alternative or experimental treatments may be instituted. We have discovered a new class of cell death antigens, which are malignancy-associated ribonucleoproteins induced in tumor cells because of a DNA damage response. In our previous studies, we described a new cell death ligand, the anti-La ribonucleoprotein mAb 3B9, as a specific malignancyrelated marker for chemotherapy-induced apoptosis (Al-Ejeh et al., preceding article). We now describe the specific accumulation of 3B9 in a syngeneic thymic lymphoblastic lymphoma model after chemotherapy. To show in vivo targeting of Laspecific mAb, we used the EL4 lymphoma model in which apoptosis is induced using cytotoxic chemotherapy. A pattern of ''DNA laddering'' in tumor cells confirmed apoptotic cell death and terminal deoxyribonucleotide transferase -mediated nick-end labeling -positive dead cells were distributed heterogeneously in s.c. tumors (25) . Our data show proof-of-principle for efficient targeting of dead malignant cells in tumors after chemotherapy, which we propose will be required to initiate ''cycles of death'' and so enhance tumor-directed cytotoxicity of combining chemotherapy with radioimmunotherapy.
Materials and Methods
Cell culture and mAb production. The EL4 murine T-lymphoblastic lymphoma cell line was obtained from American Type Cell Culture (TIB-39) and murine thymocytes were freshly prepared from 6-to 8-week-old C57BL/6 mice. Cells were cultured in RPMI 1640 containing 5% FCS (JRH Biosciences, Inc.) and passaged every 48 to 72 h at a 1:4 dilution. 3B9 and its Sal5 isotype control were prepared as described (Al-Ejeh et al., preceding article). FITC conjugation of these reagents was done according to the manufacturer's instructions (Sigma-Aldrich Co.).
Induction of cell death. Cell death in cultures was induced by adding 20 Ag/mL cyclophosphamide (Bristol-Myers Squibb Company, Princeton, NJ) and 20 Ag/mL etoposide (Pfizer, Inc.). Cell viability determined by propidium iodide or trypan blue staining was z90% among control untreated cells (data not shown). Viable cells were fixed and permeabilized by incubating cells at 5 Â 10 6 /mL in 2% w/v paraformaldehyde solution in PBS [150 mmol/L sodium phosphate and 150 mmol/L sodium chloride (pH 7.2)] for 10 min followed by 1:10 dilution in absolute methanol (at -20jC) for 1 to 3 min before a final wash with PBS.
Flow cytometry, SDS-PAGE, and immunoblotting. Immunofluoresescence staining, cytofluorographic analysis, SDS-PAGE, and immunoblotting were done as described (Al-Ejeh et al., preceding article).
Radioligand binding studies. 3B9 and Sal5 control mAb were biosynthetically labeled with 14 C using a miniPERM bioreactor (Vivascience GmbH) as described (26) . Antibodies in medium from the production chamber were affinity-purified using protein G columns. Radioactivity of purified antibodies (10 AL sample) was counted in UltimaGold scintillation liquid (1 mL) for 20 min using a Packard Tri-Carb 3100 h-counter (Perkin-Elmer, Inc.), which was regularly calibrated using the supplied 14 C standards. Protein concentrations were determined using the BCA protein assay. The specific radioactivity values of 14 14 C-3B9 in the presence or absence of a 50-fold molar excess of unlabeled 3B9 for the specified times. Samples were washed, radioactivity was measured, and specific binding was plotted as function of time. Dissociation assays were done after incubation of dead EL4 cells with 100 nmol/L 14 C-3B9 in the presence or absence of a 50-fold molar excess of unlabeled 3B9 for 30 min at room temperature. Cells were washed, incubated at 37jC in PBS, and samples were removed at the specified times. Samples were washed with PBS, radioactivity was measured, and specific binding was plotted as function of time.
EL4 tumor model in C57BL/6 mice. The well-characterized EL4 lymphoma model of apoptosis induction was used (25) . Subcutaneous EL4 tumor implants were established in 6-to 8-week-old syngeneic C57BL/6 mice by s. Cytofluorographic analysis of control and treated EL4 tumors. Control and treated mice bearing EL4 tumors were euthanized 48 h after treatment and tumors were excised. Excised tumor tissue was disrupted by incubation in RPMI 1640 containing 2 mg/mL collagenase type II (Sigma-Aldrich) for 30 min at 37jC with constant shaking. Single-cell suspensions were washed with PBS and used for immunofluorescence staining with 3B9-FITC or Sal-FITC and propidium iodide and flow cytometry analysis as described above. 14 C-Sal5 (isotype control) at 0 h. After 48 h, mice were euthanized, whole blood was collected by cardiac puncture, and EL4 tumors and other tissues were collected for radioactivity measurements. Sera and body tissues were solubilized using 1 mL Solvable (Perkin-Elmer) for 2 h at 50jC, and then decolorized using 100 AL H 2 O 2 (30%; SigmaAldrich). UltimaGold scintillation liquid (1 mL) was added and samples were counted for 10 min using the h-counter.
111 In -1,4,7,10-tetra-azacylododecane-N,N ¶,N 00 ,N 0000 -tetraacetic acid -3B9 biodistribution and pharmacokinetics in EL4 tumor-bearing mice. Protein G -purified 3B9 or Sal5 mAb were mixed at 2.5 mg/mL in 0.1 mol/L sodium bicarbonate and 0.1 mol/L sodium phosphate buffer (pH8.5) with a 50-fold molar excess of 1,4,7,10-tetra-azacylododecane-N,N ¶,N 00 ,N 0000 -tetraacetic acid mono-(N -hydroxysuccinimidyl) ester (DOTA-NHS-ester; Macrocyclics) dissolved in DMSO (Sigma-Aldrich). DMSO represented <10% of the final reaction, which was incubated for 2 h at 23jC with constant vigorous shaking. DOTA-NHS-ester was added at a 50-fold molar excess to the antibody as this ratio was found to minimize inactivation of 3B9 and showed favorable in vivo biodistribution compared with either Sal5 conjugated at the same ratio or 3B9 conjugated at higher ratios (data not shown). Addition of 1.5 mol/L Tris-HCl (pH 8.8) at a final dilution of 1:10 was used to stop the reaction. Reactions were purified and buffer-exchanged into PBS using 100-kDa cutoff microconcentrators as per the manufacturer's instructions (Millipore). F(ab) 2 fragments of DOTAconjugated 3B9 were prepared by pepsin digestion where 10 mg of DOTA-conjugated 3B9 (prepared as above) was incubated (2 h at room temperature) with 1 mg of pepsin-agarose beads (Sigma-Aldrich Co.) in a final 1 mL volume of 100 mmol/L sodium acetate buffer (pH 4). The reaction was neutralized with 1.5 mol/L Tris-HCl (pH 8.8); the agarose beads were removed by centrifugation; and the supernatant was purified using Protein A columns (Amersham Biosciences) to remove undigested IgG. The reaction was further purified and buffer exchanged into PBS using a 50-kDa cutoff microconcentrator as per the manufacturer's instructions (Millipore) to remove Fc fragments. The concentrations of 3B9-DOTA and the F(ab) 2 fragments of 3B9-DOTA were measured using a BCA protein assay kit and the concentration of conjugated DOTA was measured using a modification (27) of a published Cu:Arsenazo(III) assay (28 -30) . The ligand/protein (L/P) ratio of 7.5 or 5.1 was calculated as the ratio of the concentrations (Amol/L) of DOTA in the immunoconjugates to 3B9 or F(ab) 2 fragment of 3B9 (Amol/L), respectively. Immunoconjugates were stored at 4jC before radiolabeling.
Purified DOTA immunoconjugates were radiolabeled with indium-111 ( 111 In; Perkin-Elmer) as described (31 -36) . Radiolabeled immunoconjugates were purified using 100-or 50-kDa cutoff microconcentrators for IgG or F(ab) 2 fragment, respectively, according to the manufacturer's instructions. The incorporation of 111 In in the purified reaction products was determined using instant TLC, which was done using instant TLC-SG strips (Pall Corp.) as described (31 -36) . Although 99% of radioactivity on the instant TLC-SG strip was at the solvent front when instant TLC was done using 111 InCl 3 solution, 99% of radioactivity in the DOTA immunoconjugates remained at the origin, indicating the complete incorporation of 111 In in the DOTA conjugates (data not shown). At 0 h, 111 In-DOTA immunoconjugates (f75 Ag in 100 AL of PBS) were given by i.v. injection to EL4 tumor-bearing mice, which were left untreated or treated with cytotoxic chemotherapy as described above. Mice were euthanized at selected time points, blood was collected by cardiac puncture, and tumors and organs were harvested. Blood and organs were weighed and placed in gamma counter tubes, and radioactivity was measured using the Cobra 5010 gamma counter (Perkin-Elmer) normalized for 111 In counting using a 100 to 350 keV counting window. Radioactivity in organs was normalized to the weight of the organs and accumulation was calculated as the percentage of radioactivity per gram in the organs over the radioactivity of the injected dose of 111 In-DOTA immunoconjugates at 0 h (%ID/g). Time-activity curves for blood and tumors were constructed using GraphPad Prism v.4 (GraphPad Software) for each treatment group where accumulation %ID/g (FSE, n = 5) was plotted as a function of time. Curves were fitted to one-phase exponential decay for blood, and one-phase exponential association for tumors and half-life (t 1/2 ) values are provided from the fitted models. In the case of tumor accumulation, the fitted association model also provided a value for maximal accumulation at saturation together with the corresponding SE of this measurement, which we report as , and cytotoxic drug-treated cells (C) were stained with 7-AAD and Sal5 isotype control or La-specific 3B9 mAb. Density plots show fluorescence from Alexa488 (X axis) and 7-AAD (Yaxis). D, EL4 cells and syngeneic murine thymocytes (Thymo.) were fixed and permeabilized (clear columns) or cultured for 48 h with cyclophosphamide and etoposide and subsequently treated (striped columns) or not (filled columns) withTriton X-100. Columns, 3B9-specific binding presented as net median fluorescence intensity (MFI) (n = 3) of 7-AAD + events; bars, SE. ***, P < 0.001. Inset, immunoblots of cell lysates were probed for expression of La using 3B9. Cancer Research.
%ID/g F SE at saturation. Data points did not deviate from the fitted models, which was evaluated by a runs test done using the fitting software. Regression values of the fitted model are provided.
Statistical analysis. Statistical comparisons were done using GraphPad Prism v4. Two-way ANOVA was used to deduce significant differences among the results. The Bonferroni posttest comparison was used to report P values. P values are denoted as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Results
La is overexpressed in malignant EL4 cells, and La-specific mAb binding to dead EL4 cells is induced by DNA-damaging drugs. Although 5% to 10% of EL4 cells bound 7-aminoactinomycin (7-AAD) as evidence of spontaneous cell death in culture, <1% bound La-specific mAb 3B9 (Fig. 1A) . However, 3B9 bound nearly all fixed and permeabilized 7AAD + EL4 cells, indicating that La could be accessed with specific mAb (Fig. 1B) . After treatment with cyclophosphamide and etoposide, the binding of 3B9 to 7-AAD + EL4 cells was even more intense ( Fig. 1C) and was quantified as per cell binding (Fig. 1D) . Moreover, 3B9 still bound EL4 cells killed with cytotoxic drugs after treatment with nonionic detergent, which suggested that La was cross-linked in dead cells (ref. 37 ; Fig. 1D ). Figure 1D also illustrates that, after fixation and permeabilization, per cell binding of 3B9 was significantly higher for the malignant EL4 cell than for its counterpart primary cell type of the thymocyte and this result was corroborated by immunoblot analysis of cell lysates (Fig. 1D, inset) . Importantly, 3B9 binding to dead thymocytes was similar irrespective of the mode of cell death, whereas 3B9 binding to dead EL4 cells killed by cytotoxic drugs was significantly greater (Fig. 1D ).
14 C-labeled 3B9 binds specifically to EL4 cells. We used intrinsically labeled 3B9 mAb to characterize further binding of La-specific mAb to EL4 cells killed by cytotoxic drugs. The concentration of 14 C-3B9 at half-maximal saturation was 18 nmol/L, maximal binding was f7,500 fmol per 10 6 dead cells ( Fig. 2A) , and half-maximal saturation of 14 C-3B9 binding occurred within 5 min (Fig. 2B) . The concentration of unlabeled 3B9 required to inhibit half-maximal binding of 14 C-3B9 (IC 50 ) was 118 nmol/L (Fig. 2C) , and minimal dissociation of bound 3B9 occurred (Fig. 2D) . Altogether, these data describe specific, rapid, saturable, and high-avidity binding of 14 C-3B9 to dead tumor cells. No EL4 binding was detected without cytotoxic drug treatment (data not shown), which indicated that binding depended on induction of cell death.
Cytotoxic chemotherapy increases the target for 3B9 in the tumor mass. Next, we used the EL4 lymphoma model to ascertain if the in vitro findings pertained in vivo. After chemotherapy, the fraction of propidium iodide -positive cells in tumor explants increased significantly from a mean (FSE) of 50 F 2% to 70 F 1% (P < 0.001). Similarly, the 3B9 + subset of propidium iodide -positive cells increased significantly from 15 F 1% to 38 F 2% (P < 0.01) after chemotherapy, whereas isotype control staining was unaltered (Fig. 3) . Only the propidium iodide -positive tumor subpopulation bound 3B9, which indicated that La was recognized specifically in dead tumor cells. Histogram analysis (Fig. 3) indicated that specific per cell binding of 3B9-FITC to propidium iodide -positive cells was significantly augmented in tumors exposed in vivo to cytotoxic chemotherapy (net median fluorescence intensity F SE of 18 F 3 with chemotherapy and 1 F 3 without chemotherapy, P < 0.05). 3B9 targets EL4 tumors in vivo especially after cytotoxic chemotherapy. We studied the biodistribution of La-specific mAb in the EL4 lymphoma model using intrinsically or extrinsically labeled 3B9 mAb. EL4 tumor-bearing mice (n = 4-5) were treated with full-dose chemotherapy and simultaneously given 100 Ag of 14 C-3B9 or 14 C-Sal5 isotype control mAb and analyzed 48 h later. The 14 C-Sal5 mAb did not accumulate significantly in any organ or tissue, including the tumor. In contrast and compared with all other organs, 14 C-3B9 accumulated significantly in both serum and tumor (P < 0.001). Without chemotherapy, %ID/g (FSE) in tumor was 14.7 F 1.2% and 1.1 F 0.2% for 14 C-3B9 and 14 C-Sal5, respectively. Moreover, after chemotherapy, only tumors accumulated significantly more 14 C-3B9 (P < 0.001). With chemotherapy, %ID/g (FSE) in tumor was 25.9 F 5.1% and 1.7 F 0.4% for 14 C-3B9 and 14 C-Sal5, respectively. The accumulation of 14 C-3B9 mAb in normal tissues was unaltered by chemotherapy. The %ID/g (FSE) values for normal tissues of control untreated mice versus treated mice were as follows: 6.0 F 0.3 versus 5.2 F 0.7 (spleen), 4.3 F 0.5 versus 3.2 F 0.2 (kidneys), 6 F 3 versus 7 F 3 (liver), and 17 F 3 versus 17 F 2 (blood). These data indicated that tumor accumulation of 3B9 mAb was an inherent property of its antigen-binding activity.
In the second series of experiments, the biodistribution and pharmacokinetics of 111 In-labeled and DOTA-conjugated 3B9 was investigated in EL4 tumor-bearing mice with and without chemotherapy (Figs. 4 and 5 ). Blood clearance of 111 In-DOTA-3B9 in untreated control mice and in mice treated with half dose 1-day or quarter dose 2-day regimens was not significantly different (P > 0.05). On the other hand, blood clearance of 111 In-DOTA-3B9 in mice treated with half dose 2-day or quarter dose 1-day regimens was significantly faster than in control mice (P < 0.001; Fig. 4) . As predicted by curve-fitting models, maximal tumor accumulation of 111 In-DOTA-3B9 in mice treated with either the half dose 1-day (40 F 3%ID/g; n = 5) or quarter dose 2-day (37 F 3%ID/g; n = 5) regimens was significantly different from that in control mice (20 F 1%ID/g; n = 5; P < 0.05). The more rapid clearance of 111 In-DOTA-3B9 from blood of mice treated with the half dose 2-day and quarter dose 1-day regimens was associated with significantly greater tumor accumulation (48 F 8%ID/g; n = 5 and 47 F 6%ID/g; n = 5, respectively; P < 0.01; Fig. 4 ). Despite the exponential growth of control tumors (Fig. 4) , weight-normalized tumor accumulation (%ID/g) of 111 In-DOTA-3B9, which has a physical half-life of 2.8 days, was unchanged, which suggested that rates of tumor cell death balanced tumor cell proliferation so that 3B9 continued to bind these growing tumors. The dose intensity of cytotoxic chemotherapy was directly related to the extent of tumor shrinkage and to the extent of tumor cell death recorded as %7-AAD + cells (Fig. 4, inset) . In mice treated with the half dose 2-day regimen, the linear increase in tumor content of apoptotic cells at 48 and 72 h postinjection correlated with the linear increase in tumor accumulation of radioactivity. For other chemotherapy regimens, insufficient data prevented a clear relationship between extent of tumor cell death and tumor radioactivity accumulation being determined, although both tumor cell death and accumulation were greater for half dose 1-day and quarter dose 2-day regimens than for control (Fig. 4) .
The specificity of 3B9 for dying tumors was determined from the ratio of radioactivity accumulation in tumor to that in normal organs (tumor/organ ratio; Fig. 5 ). All tumor/organ ratios for treated mice (except for tumor/blood ratio) were significantly greater than for control mice 48 h (Fig. 5A ) and 72 h (Fig. 5B ) postinjection although the tumor/blood ratio did exceed unity at 72 h only. In contrast, tumor/blood ratios exceeding unity were obtained at both 48 h (Fig. 5C ) and 72 h (Fig. 5D ) after administration of F(ab) 2 fragments of 3B9. Improved tumor/ blood ratios resulted primarily from very rapid blood clearance of F(ab) 2 fragments with half-lives (t 1 / 2 ; FSE) of 10.3 F 0.1, 8.6 F 0.1, 8.6 F 0.1, 10.2 F 0.1, and 7.8 F 0.1 h for control untreated mice, and mice treated with carboplatin and etoposide according to the half dose 2-day, half dose 1-day, quarter dose 2-day, and quarter dose 1-day regimens, respectively. Consistent with the rapid blood clearance rates, tumor accumulation rates of F(ab) 2 fragments of 3B9 also increased where the accumulation half-lives (t 1/2 ; FSE) for the half dose 2-day, half dose 1-day, quarter dose 2-day, and quarter dose 1-day regimens were 1.4 F 0.2, 1.7 F 0.2, 2.4 F 0.2, and 2.7 F 0.3 h, respectively. Further evidence for tumor specificity was obtained from biodistribution studies of 14 C-3B9 in EL4 tumor-bearing mice, which were extended to include lower doses of the radiolabeled agent. No significant accumulation of 14 C-3B9 occurred in any tissue except the tumor and only after administration of cytotoxic chemotherapy. Tumor accumulation of 14 C-3B9 was dose dependent and the sigmoidal doseresponse relationship suggested that target binding was specific and saturable (Fig. 6 ). In comparison with untreated mice, tumor uptake of 14 C-3B9 with chemotherapy was significantly higher and showed fold increases of 1.9, 1.9, and 1.8 at 14 C-3B9 doses of 25, 50, and 100 Ag, respectively. Altogether, using two different radiotracer formats, we showed specific and preferential tumor accumulation of 3B9, which was markedly augmented by cytotoxic chemotherapy in this chemoresponsive tumor model.
Discussion
The use of radiolabeled mAb to identify necrotic cells in vivo was first reported as a means of identifying myocardial infarction (38, 39) . Epstein et al. (20, 40) selected a tumor necrosis therapy series of mAb that preferentially recognized insoluble nuclear antigens in necrotic and degenerating areas of tumors. Of the series, TNT1, TNT2, and TNT3 mAbs recognize the universal nuclear antigens histone 1, histone 2, and histone 3 (21) , and ssDNA (41), respectively. These mAb reagents are intended to target necrotic regions in solid tumors for the purposes of diagnosis, staging, and radioimmunotherapy of cancer (42) . Now, we describe a promising new nuclear target antigen, which has characteristics differentiating it from previously described targets and which we hypothesize will increase its utility as a dead cell target antigen for radioimmunoscintigraphy and radioimmunotherapy.
We found that the La autoantigen was overexpressed in malignancy both at mRNA and protein levels. DNA-damaging drugs augmented specific binding of 3B9 to dead human cancer cells in vitro when its binding correlated with the extent of an early DNA-damage response. These data suggested that La might be involved in early DNA-damage response mechanisms. Later, concurrent with the onset of apoptosis, La became fixed in apoptotic cells because of TG2-mediated protein crosslinking and 3B9 accumulated in various human cancer cell lines in a time-dependent, specific, and saturable manner. Moreover, protein cross-linking in dead malignant cells extended to include fixation of La-bound 3B9 so that its levels were higher than in dead primary cells (Al-Ejeh et al., preceding article). Based on these in vitro findings, we hypothesized that 3B9 would be a useful cancer-specific cell death ligand for the detection and targeting of dead tumor cells in vivo, particularly after induction of tumor cell death by DNA-damaging agents.
Here, we provide in vivo proof-of-principle for the ability of 3B9 to target dead and dying tumor cells after DNA-damaging chemotherapy. We adopted a murine tumor model of robust apoptosis induction with use of DNA-damaging agents (25) to investigate the binding characteristics of 3B9 in vivo. Results of initial in vitro studies using the EL4 lymphoma cell line supported earlier in vitro findings using human cancer cell lines (Al-Ejeh et al., preceding article). La-specific mAb 3B9 bound dead EL4 cells more avidly than dead thymocytes. Binding of 3B9 was induced after EL4 cells were treated with DNAdamaging agents and the binding was preserved despite treatment of the dead EL4 cells with a nonionic detergent, which indicated that the La target antigen was cross-linked in dead EL4 cells. Using a 14 C-labeled form of the mAb, 3B9 binding to dead EL4 cells was shown to be specific, rapid, saturable, and of high avidity. EL4 tumors removed from treated mice exhibited excessive cell death in comparison with tumors derived from untreated mice. Ex vivo staining of these dead tumor cells showed that not only did a higher proportion of dead tumor cells obtained from treated mice bind 3B9, but that the per cell binding of 3B9 was significantly higher among dead tumor cells derived from treated mice than from untreated control mice.
Based on these in vitro data and on the tumor explant data, we chose the EL4 tumor model to investigate the performance of 3B9 in vivo. Using two different radiotracer formats, 14 C-3B9 and 111 In-DOTA-3B9, we report specific and saturable binding of 3B9 in EL4 tumors in vivo after chemotherapy. In untreated mice, 3B9 accumulation was stable during exponential tumor growth, which we attributed to the ability of 3B9 to bind dead cells present endogenously in these tumors. In contrast, cytotoxic chemotherapy, which reduced tumor mass and increased tumor cell death, significantly augmented tumor accumulation of 3B9 48 h or more after chemotherapy. Although we cannot formally exclude the possibility that there was postchemotherapy release of La antigen from secondarily necrotic tumor cells into the circulation, we believe that insufficient La antigen was released to alter blood clearance rates of radiolabeled 3B9 mAb because, as illustrated in Fig. 4 , these rates were similar irrespective of the use of chemotherapy.
Hence, we hypothesize that DNA-damaging agents induced La to the extent that its binding levels among ''murdered'' tumor cells were greater than among tumor cells dying from ''neglect.'' In support, our in vitro data showed that 3B9 binding was significantly less in malignant cells dying from serum withdrawal than in malignant cells dying after DNA-damaging cytotoxic drug treatment (Al-Ejeh et al., preceding article). Similarly, treatment of Jurkat cells in vitro with other primary necrotic stimuli such as heat (56jC for 1 h), 0.1% H 2 O 2 , 5% ethanol, 0.1% HgCl 2 , and 1% sodium azide followed by 48 h in culture produced lower 3B9-specific binding than the binding observed after fixation and permeabilization of the Jurkat cells using paraformaldehyde and methanol. Importantly, all 3B9 binding to primary necrotic cells at 48 h postinduction was significantly lower than 3B9 binding 48 h after treatment of Jurkat cells with the DNA-damaging drug, cisplatin (Al-Ejeh et al., preceding article).
In addition, we did studies of activated caspase-3 as a marker of apoptosis in EL4 tumors treated or not with carboplatin and etoposide chemotherapy. We found that the increased tumor accumulation of 111 In-DOTA-3B9 after carboplatin and etoposide chemotherapy correlated with the postchemotherapy apoptotic index, which was measured using quantitative video In-DOTA-F(ab) 2 3B9 were significantly less than 1, which was attributed to high renal reuptake of F(ab) 2 or Fab fragments.
image analysis as the ratio of the proportion of apoptotic cells expressing activated caspase-3 to the proportion of viable tumor cells. Using the same form of analysis of H&E -stained sections; we found that the centrally necrotic areas in control untreated tumors extended as the tumors grew in size. In contrast, as the apoptotic index increased in tumors of carboplatin and etoposide -treated mice, the necrotic areas identified by H&E shrank in proportion to the overall shrinkage of tumor size. None of these necrotic areas in control untreated or treated tumors stained for activated caspase-3. 4 Hence, we propose that the mode of cell death determines the extent of 3B9 binding. In contrast to primary necrosis, chemotherapyinduced apoptosis is associated with DNA damage responses, which, in conjunction with other early apoptotic signaling, induces TG2 to cross-link the overexpressed La target antigen. Therefore, whereas a multitude of dead cell target antigens would be available for binding in areas of endogenous tumor necrosis, we argue that the generation of apoptotic tumor cells in response to DNA-damaging antineoplastic therapy would increase the availability of only a subset of target antigens such as La and other ribonucleoproteins. We envisage a two-step targeting process in which DNA-damaging antineoplastic therapy first creates overexpressed and cross-linked targets that can subsequently be bound by radiolabeled antibodies to enhance the tumor/background ratio for imaging applications or the therapeutic ratio for therapeutic applications. It is this chemotherapy-induced 3B9-binding effect that we believe represents an important point of difference from other methods that localize mAb binding in regions of tumor cell death (20, 24) .
Milas et al. (43) observed that the cytotoxic radiosensitizing drug, gemcitabine, induced apoptosis in jejunal crypt cells, which resolved by 24 to 36 h posttreatment. We showed that both tumor cell death measured by ex vivo 7-AAD staining of tumor explant cells and tumor uptake of 111 In-DOTA-3B9 in vivo were evident 24 h after combined administration of chemotherapy and radiotracer and then increased further at later times. Hence, radioimmunoimaging or radioimmunotherapy may need to be scheduled after apoptosis in normal tissues has run its course to avoid La-specific mAb binding to apoptotic normal cells, but before maximal tumor cell death occurs so as to maximize tumor accumulation of radiotracer or radio-dose delivered by La-specific mAb. Such scheduling considerations may also be important if cytotoxic chemotherapy injures vascular endothelium (44) and alters the biodistribution of the mAb and thus its potential for normal tissue toxicity. However, the data we have presented using the Sal5 isotype control antibody suggest that such nonspecific effects have not been significant in this model.
In addition, we investigated the biodistribution of (Fab) 2 fragments of 111 In-labeled 3B9 in control and treated mice as described herein. The clearance of (Fab) 2 from blood was 2-to 3-fold faster than the IgG form of 3B9, whereas augmented accumulation in treated tumors was retained. However, due to its rapid blood clearance, maximum tumor accumulation of 111 In-labeled 3B9 (Fab) 2 in treated mice was significantly reduced compared with peak accumulation of 111 In-labeled 3B9 IgG. Therefore, our results are typical of other studies in which the extended blood pool activity of whole IgG enhances tumor uptake but reduces tumor/background ratios, whereas the reduced blood pool activity of (Fab) 2 reduces tumor uptake but enhances tumor/background ratios (45, 46) . Hence, scheduling of the 3B9 injection after chemotherapy and use of F(ab) 2 or Fab fragments or Fc-modified versions of whole IgG (42) may improve tumor/background ratios.
Selective in vivo targeting of La favors two major applications of this technology in cancer diagnosis and treatment. First, La-directed radioimmunoscintigraphy may detect tumor responses to antineoplastic treatment, in particular, DNAdamaging drugs and ionizing radiation. Second, La-directed radioimmunotherapy would be facilitated by the therapeutic principle of bystander killing, which embraces at least three related concepts. First, ionizing radiation originating from labeled La-specific mAb bound inside dead tumor cells would engender further cytotoxicity in nearby viable tumor cells via radiation crossfire effects. Second, bound radioactivity would exert distant cytotoxic effects via diffusion of radiation-induced second messengers (47) . Third, we hypothesize that as radiation-induced killing of tumor cells delivered by labeled La-specific mAb propagates cell death among nearby viable tumor cells, a ''virtuous cycle'' of tumor cell killing would result as additional targets for binding are created.
After cytotoxic chemotherapy, increased binding of La-specific mAb to EL4 lymphomas depended on brisk and presumably P53-mediated induction of tumor cell apoptosis. However, carcinoma is relatively resistant to conventional cytotoxic chemotherapy and radiotherapy (48) . Carcinoma cell death may be slower in onset than previously recognized and comprise nonapoptotic routes to cell death such as necrosis, autophagy, and mitotic catastrophe as well as senescence-like growth arrest (49) . Although these observations may limit the efficiency of our target creation strategy, new classes of compounds are now emerging, which preclinical studies have shown to overcome apoptosis resistance and deliver higher levels of cell death in carcinoma (50) . In particular, histone deacetylase inhibitors have promising preclinical activity especially in conjunction with the use of conventional cytotoxic drugs and radiation (51) .
In conclusion, we provide proof-of-principle for the specific and preferential accumulation of La-specific mAb in dead tumor cells in which cell death was induced by DNA-damaging agents in vivo. Using EL4 and tumor xenograft models, we plan to investigate the utility of our novel tumor targeting strategy for radioimmunoscintigraphy and to test the safety and efficacy of combination chemotherapy and radioimmunotherapy.
